Two experiments were conducted to determine the influence of dietary Ca concentrations (Experiment 1) and a combination of dietary Ca and non-phytate phosphorus (NPP) to create distinct Cato-NPP ratios (Experiment 2) in corn-soybean meal diets fed to broiler chickens from 2 to 23 d of age. In Experiment 1, dietary treatments consisted of 7 concentrations of Ca (0.4, 0.6, 0.8, 1.0, 1.2, 1.4, or 1.6% of the diet; 7 treatments total), and NPP concentrations were maintained at 0.3%. Increasing the dietary Ca concentration while maintaining 0.3% NPP elicited linear reductions (P < 0.01) in overall growth performance and tibia ash. Dietary effects also were observed for apparent retention of P and Ca, which decreased (P < 0.05) linearly or quadratically for birds receiving dietary treatments with Ca concentrations greater than 0.6%. In Experiment 2, diets were formulated to contain 3 concentrations of Ca (0.4, 1.0, or 1.6% of the diet) with NPP concentrations either constant at 0.45% or adjusted to maintain a dietary Ca-to-NPP ratio of 2:1 (6 treatments total). Growth performance was not influenced by Ca concentration or the Ca-to-NPP ratio. Tibia break force was lower (P < 0.01) in birds fed diets containing 0.4% Ca, regardless of the NPP concentration. Tibia ash increased (P < 0.01) as the dietary Ca concentration increased. Neither the dietary Ca nor NPP concentrations affected nitrogen retention (P > 0.05). Upon maintaining a constant 2:1 Ca-to-NPP ratio, P and Ca retention decreased (P < 0.01) at the highest Ca concentration. In conclusion, imbalanced Ca and NPP adversely influenced growth performance and nutrient retention of broilers, indicating the concentrations of Ca and NPP required to maximize bone structure and function may be higher than those required for performance.
INTRODUCTION
Dietary Ca and P serve a variety of integral functions in metabolism and skeletal integrity, which highlights the important economic implications of these minerals in production animal agriculture. Supplying a diet that is inadequate in Ca and P can lead to skeletal abnormalities, which negatively affect growth performance as partially caused by a reduction in feed intake (Applegate et al., 2003) . Excess dietary Ca can reduce the energy value of the diet and interfere with the availability of other minerals, including P, due to the ability of Ca to chelate molecules and make them unavailable for absorption (Qian et al., 1997; Sebastian et al., 1997) . Due to the importance of P inclusion in poultry diets, it was previously a common practice to over-supplement this mineral in the diet (Driver et al., 2005) . However, the inclusion of P in poultry diets contributes to increased feed cost, and over-supplementation can result in large portions of dietary P not being utilized by the bird, which can have a negative environmental impact due to excess P excretion. Since dietary needs for Ca and P are interdependent, it is critical to formulate poultry diets to correct Ca to non-phytate phosphorus (NPP) ratios (Qian et al., 1997; Applegate et al., 2003; Yan et al., 2005) .
Bird performance and bone development can have a multitude of responses depending on the concentration of Ca and NPP, even when a constant Ca-to-NPP ratio is maintained (Edwards and Veltmann 1983) . At low concentrations of NPP, dietary Ca concentrations (i.e., 0.8 to 1.0%) can negatively impact bird performance and bone ash percentage in broilers (Davis 1959; Waldroup et al., 1963; Kondos and McClymont 1967; Driver et al., 2005) . Conversely, when dietary Ca concentrations are reduced, bird growth and P absorption tend to increase and bone abnormalities subside, reiterating the concept that a balanced ratio between Ca and NPP is essential when formulating poultry diets.
It appears that increased concentrations of Ca in broiler diets increase bone ash content, but such concentrations may also reduce bird growth performance and interfere with mineral absorption (Simpson and Wise 1990; Sebastian et al., 1996; Selle et al., 2009) . A high ratio of Ca-to-NPP in the diet antagonizes digestibility and absorption of P due to increased precipitation of insoluble mineral complexes (Yan et al., 2005) . Dietary Ca and NPP concentrations, as well as their ratio, can largely affect the absorption and utilization of nutrients. Minerals supplemented beyond the physiological threshold needed for maximum mineral retention are eliminated though the renal system, which leads to environmental and economic concerns (Manangi and Coon 2007) . Therefore, re-examining Ca and NPP concentrations can lead to a more accurate formulation of broiler diets. The objective of these experiments was to determine the influence of dietary Ca concentrations and the Ca-to-NPP ratio over a wide range of Ca and NPP concentrations in corn-soybean meal diets fed to birds from 2 to 23 d of age. Growth performance, mineral retention, and bone characteristics such as reference force indentation, break force, and bone ash were all determined in the same bone, and these measurements were examined to determine the differences between experimental diets.
MATERIALS AND METHODS
All animal care procedures used in this experiment were approved by the University of Illinois UrbanaChampaign Institutional Animal Care and Use Committee.
General Bird Husbandry
In 2 separate experiments, broiler chicks were obtained from a commercial hatchery and were housed at the University of Illinois Poultry Farm from 2 to 23 d of age in thermostatically controlled brooder battery cages with raised wire floors in an environmentally controlled room with continuous lighting. Birds were provided free access to water throughout each trial, and a corn-soybean meal based diet that contained 23% CP. Titanium dioxide was included in all diets at 0.4% as an indigestible marker. On d 2 post hatch, birds were individually weighed, wing-banded, and allotted such that all treatment groups were similar in average initial body weight. Individual bird and feeder weights were recorded weekly throughout each experiment for calculation of BW gain, feed intake (FI), and feed efficiency (BW gain/FI, G:F). All culled birds were weighed individually, and feed intake and feed conversion were adjusted according to number of bird days. All experimental diets were provided in mash form and chicks received these diets in a single feeding phase from 2 to 23 d of age.
Experiment 1
Three-hundred-fifty male Ross 308 commercial broiler chicks were assigned to 7 dietary treatments from 2 to 23 d post hatch, with 5 chicks per cage and 10 replicate cages per treatment. Dietary treatments consisted of a corn-soybean meal based diet that was formulated to contain 0.3% NPP and graded concentrations of Ca, ranging from 0.4 to 1.6% total Ca (Table 1) . All diets were formulated to contain 3,093 kcal/kg nitrogen-corrected apparent metabolizable energy and differed only in dietary Ca; apart from Ca, all nutrients met or exceeded recommendations for birds of this age (NRC 1994) .
Experiment 2
One-hundred-eighty male Ross 308 commercial broiler chicks were assigned to 6 dietary treatments from 2 to 23 d post hatch, with 5 chicks per cage and 6 replicate cages per treatment. Dietary treatments consisted of a corn-soybean meal based diet that was formulated to contain 3 concentrations of Ca, with NPP concentrations either constant at 0.45% or adjusted to create a dietary Ca-to-NPP ratio of 2:1 (Table 2) . Diets were formulated to contain 3,031 kcal/kg nitrogen-corrected apparent metabolizable energy and all other nutrients met or exceeded the recommended NRC (1994) requirements.
Collection and Analyses
At the end of the 21-day feeding period, birds were euthanized by CO 2 inhalation and the right tibia was collected from all birds by cutting above the tibia; samples were stored at −20
• C until processing. Processing of tibias involved removal of the skin and periostium with a scalpel and scissors. Cheesecloth was used to clean any additional residue before submerging the bone in distilled water in a 4-mL sealable bag (Whirl-Pak; Nasco, Fort Atkinson, WI). Extracted tibias (one bird/cage) were then randomly chosen and measured for total length as well as height and width at half length. Randomly chosen tibias were then used for each of the measurements described below.
Tibias were subsequently evaluated for mechanical characteristics using 2 independent methods. First, the reference force indentation technique (Hansma et al., 2006) was applied using a commercially available platform (BioDent; ActiveLife Scientific, Santa Barbara, CA). Extracted tibias were assessed by 5 independent measurements per bone with 20 indentation cycles per measurement. Bone measurements were taken using a BP2 probe, which has a spherical tip and a blunted point. Holding the bone with condyles down, thus allowing the probe to contact the anterior surface of the bone, width was defined as the horizontal distance, lateral to medial, and height was defined as the vertical distance, anterior to posterior. The bones' resistance to fracture was measured by the indentation distance increase (IDI) between the first and last indentation cycles and total indentation distance (TID) quantified the total depth reached by the test probe. Subsequent to performing reference force indentation testing, the same bones were assessed for breaking strength using a Texture Analyzer TA.HD Plus (Texture Technologies Corp., Scarsdale, NY/Stable Microsystems, Godalming, UK) fitted with a 3-point bend rig and 100 kg load cell. The pre-test crosshead speed was set at 120 mm/min, and the test was conducted with an 8.0 g trigger force applied at a test speed of 2.4 mm/min over a 5 mm travel distance. Additional analytical analyses were performed to evaluate ash composition after bones had been dried and defatted. Fat was extracted from the tibias previously used for evaluating mechanical characteristics using a cold extraction procedure with pure ethyl ether. Fat-extracted tibias were subsequently dried for 24 hours at 105
• C and then ashed at 600
• C for 24 hours. Fat was extracted from the tibias following established protocols (method 932.16; AOAC, 1990 ) with differences in ether used.
For determination of nutrient retention, excreta were collected from the trays beneath each cage and frozen (−20
• C) for later analysis, along with samples of diets collected at the time of manufacturimg. Frozen excreta samples were lyophilized and ground using an electric coffee grinder to provide an evenly ground sample while avoiding significant loss. All subsequent nutrient analyses were completed in duplicate for each diet and excreta sample. Samples were weighed into sample boats (∼0.2 g) and total nitrogen content was determined by the Dumas combustion method (TruMac R Series; LECO Corporation, St. Joseph, MI). To determine mineral content, all samples were weighed into crucibles (∼0.5 g, dry wt.), dried for 24 h at 105
• C, and ashed at 500
• C for 24 h, and the ash was dissolved in 20% hydrochloric acid (method 968.08, AOAC 2002). Total phosphorus content of diet and excreta samples was determined colorimetrically by the molybdo-vanadate method, and Ca concentrations were determined by flame absorption spectrophotometry (method 965.17, AOAC 1975) .
Titanium dioxide concentrations of diet and excreta samples were determined following the procedures of Short et al. (1996) . Samples were weighed into crucibles (∼0.1 g, dry wt.), dried for 24 h at 105
• C, and ashed at 580
• C for 24 h, and the ash was dissolved in 7.4 M sulfuric acid. Hydrogen peroxide (30% vol/vol.) was subsequently added, resulting in a yellow color with an intensity dependent upon the sample titanium dioxide concentration. Samples were aliquoted in duplicates and analyzed using a UV spectrophotometer at an absorbance of 410 nm. The following equation was used to calculate apparent retention of excreta samples on a g/kg dry matter basis: 
Statistical Analyses
A single cage of birds served as the experimental unit for growth performance and nutrient retention data, while individual bird was the experimental unit for all bone parameters. All statistical analyses were completed using procedures appropriate for a completely randomized design. Data are presented as least squares means per dietary treatment groups. All data were analyzed by a one-way ANOVA for each experiment using the MIXED procedure of SAS 9.4 (SAS Institute, Cary, NC). Linear and quadratic effects were evaluated in Experiment 1 using orthogonal polynomial contrasts to test the response to increasing dietary Ca inclusion. Treatment means were separated using a Tukey's multiple comparison test in Experiment 2. Statistical significance was considered at P < 0.05 in all cases.
RESULTS

Experiment 1
Over the entire study period, BW gain and FI were numerically highest in the dietary treatment that contained 0.6% Ca concentration, with an overall linear reduction (P < 0.01) across dietary Ca concentrations (Table 3) . Dietary reduction of Ca improved (linear, P < 0.01) G:F of birds relative to that of birds fed increased Ca inclusion concentrations. Tibia size also was influenced (linear, P < 0.01) by dietary treatment (Table 4) . Tibia height, length, and width were greater in birds fed diets that contained a 0.4% or 0.6% Ca inclusion when compared with birds fed increased Ca inclusions (linear, P < 0.02). Tibia break force and tibia ash content were greater in birds fed 0.4 or 0.6% Ca inclusion compared with birds fed diets containing 1.6% Ca (linear, P < 0.01). Reference force indentation characteristics exhibited quadratic (P < 0.05) responses as Ca inclusion increased from 0.4 to 1.6%.
Dietary treatment effects were observed for apparent retention of dry matter, nitrogen, P, and Ca (Table 5) . Dry matter and nitrogen apparent retention were reduced for birds fed diets that contained 0.4% Ca compared with those fed 1.6% Ca inclusion diets (linear, P < 0.01). Birds fed diets that contained 0.6% Ca (i.e., 2:1 Ca-to-NPP ratio) exhibited increased P retention when compared with birds fed the 0.4% Ca inclusion diets (quadratic, P < 0.01). Birds fed diets that contained 0.4% Ca had the greatest Ca apparent retention when compared with other dietary treatments (quadratic, P < 0.01).
Experiment 2
Neither growth performance (Table 6 ) nor tibia dimensions (Table 7) of broilers was influenced (P > 0.05) by dietary treatment. Tibia break force and ash were reduced (P < 0.01) at the lowest Ca and NPP concentrations. Tibia break force and tibia ash did not differ (P > 0.05) when the Ca inclusion increased from 1.0 to 1.6%. By varying Ca and NPP concentrations to maintain a constant 2:1 ratio, apparent retention of dry matter decreased (P < 0.05) for birds fed dietary treatments that contained the 1.0% Ca inclusion when compared with birds fed the 1.0% Ca inclusion and the constant 0.45% NPP inclusion (Table 8) . Nitrogen apparent retention was not influenced (P > 0.05) by dietary treatments. When varying Ca and NPP concentrations to maintain a constant 2:1 ratio, apparent retention of P decreased (P < 0.05) for birds fed 0.8% NPP, and P retention increased for birds fed 0.2% NPP, when compared with other dietary treatments. Increased Ca concentrations resulted in a decrease in Ca apparent retention (P < 0.05) when compared with birds fed 0.4% Ca, regardless of the NPP concentration.
DISCUSSION
Results of previous research on the interaction of Ca and NPP provide clear evidence that insufficient supply of one mineral interferes with homeostasis of the other; therefore, the ratio of Ca-to-NPP may be more influential than individual mineral concentrations when formulating poultry diets (Shafey et al., 1990; Bradbury et al., 2014) . In Experiment 1, dietary treatments that contained 0.6% Ca inclusion were able to support maximal growth performance and nutrient retention when compared with birds receiving more than 0.6% Ca. Strong evidence exists that inclusion of Ca beyond bird requirements negatively influences broiler growth and nutrient retention due to the ability of Ca to chelate with both P and phytate, thus forming insoluble complexes (Selle et al., 2009 ). Additionally, both Ca and NPP concentrations, as well as the dietary Ca-to-NPP ratio, influences bird performance due to the antagonism of dietary Ca and the formation of phytate complexes (Plumstead et al., 2008) . Increasing dietary Ca without changing the NPP concentration, thus widening the Ca-to-NPP ratio across diets, may have contributed to the overall reduction of broiler growth performance in Experiment 1. Conversely, growth performance was not influenced by Ca inclusion or Ca-to-NPP ratio in Experiment 2; however, Ca concentration did influence bone mineralization in this study. Based on the evidence of broiler growth performance and nutrient retention from our studies, it appears that the Ca-to-NPP ratio may be a more important factor than either of the absolute dietary concentrations of Ca or NPP.
In Experiment 1, the NPP concentration was maintained at 0.3% and responses in growth performance were greatest in birds that received diets containing 0.6% Ca inclusion (i.e., a 2:1 Ca-to-NPP ratio). However, birds supplemented with Ca inclusions greater than 0.6% exhibited decreases in both BW gain and FI. When Ca inclusion was greater than 0.6%, we observed decreases in both apparent retention of Ca and P, as well as bone mineralization. This coincides with data from Driver et al. (2005) who conducted an experiment with 6 Ca concentrations (0.325, 0.4, 0.475, 0.55, 0.625, and 0.9%) and reported that only the highest dietary Ca concentration decreased BW gain, FI, and P retention. Furthermore, data from Rama Rao et al. (2006) reported tibia ash content was maximal and P excretion was minimal when the dietary Ca-to-NPP ratio was maintained at 2:1. Excess dietary Ca can reduce the availability of other minerals, reduce digesta transit time, and impair absorption (Shafey and McDonald 1991) . Increasing dietary Ca while holding dietary NPP steady (i.e., further widening the Ca-to-NPP ratio) reduced nutrient retention possibly due to the formation of insoluble complexes in the intestinal lumen (Hunziker et al., 1982) . As suggested previously, a 2:1 Ca-to-NPP ratio is recommended for broilers while a wider Ca-to-NPP ratio can decrease nutrient retention, suggesting these minerals are not readily available at disproportionate Ca-to-NPP ratios in the diet (Sebastian et al., 1996; Rama Rao et al., 2006) . In the current experiment, the use of a Ca-to-NPP ratio at 2:1 led to a reduction of dietary Ca inclusion without compromising growth performance, tibia characteristics, or apparent retention of nutrients.
While the 2:1 Ca-to-NPP ratio elicited beneficial responses in Experiment 1, data from Experiment 2 highlight the importance of controlling both the absolute concentrations of dietary Ca and NPP as well as their relative ratio. As such, broiler growth performance was not influenced by the dietary treatments in this experiment; however, bone mineralization was influenced by dietary treatments. It has been reported that BW gain and bone mineralization do not respond in the same way to dietary manipulations, likely because 80% of total body P resides in the skeleton of the bird (Yi et al., 1996; Waldroup et al., 2000) . Therefore, bone mineralization depends to a greater extent on dietary concentrations of NPP and Ca compared with BW gain as an outcome (Adedokun et al., 2004; Olukosi and Fru-Niji 2014) . In our study, as the inclusion of Ca and NPP increased, this elicited increases in tibia break force and ash. This agrees with the results by Onyango et al. (2003) , who reported the percentage of tibia ash increased linearly as the concentration of Ca increased from 0.45 to 0.91%, and was further exemplified by evidence from Brugalli et al. (1999) who estimated the Ca and P requirements from hatch to 21 d of age as 1.00 and 0.45%, respectively. Presumably, the increased intake of Ca and NPP was used for the synthesis and deposition of hydroxyapatite in bone, which therefore resulted in increased bone mineralization. These findings are in agreement with data that indicate BW gain is not as sensitive of a measurement when quantifying Ca and NPP requirements (Waldroup et al., 2000; Dhandu and Angel 2003) . Therefore, the concentrations of Ca and NPP required to maximize bone mineralization are likely higher than the concentrations required to maximize growth performance.
The antagonism of dietary Ca on digestibility and absorption of P has been well established and shown to be dependent on dietary Ca and P concentrations, as well as their ratio, and other factors including vitamin D status (Hurwitz and Bar 1971; Taylor and Dacke 1984; van der Klis and Versteegh 1996) . Al-Masri (1995) reported that the dietary Ca inclusion, and its ratio with NPP, may affect P retention and lower P retention values with higher dietary Ca concentrations. Similar results were observed in the current study, in which Ca and P retention decreased as dietary concentrations of Ca and NPP increased. Dietary treatments that contained 0.4% Ca exhibited an increase in Ca retention, and Ca retention was reduced as the Ca inclusion increased, suggesting Ca retention is heavily dependent on the dietary Ca concentration. Browning et al. (2012) provided evidence that reduced dietary Ca was associated with increased efficiency of Ca retention compared with diets that contained higher concentrations of Ca, indicating a physiological response by the bird to overcome Ca deficiency by increasing absorption and utilization. The adaptive response to increased absorption is partly mediated through feedback initiation of parathyroid hormone production in the parathyroid glands. When Ca concentrations become too low, the parathyroid gland produces parathyroid hormone and retains Ca by increasing renal Ca reabsorption and stimulating renal release of P (Frandson and Spurgeon 1992) . When Ca intake exceeds physiological requirements, the parathyroid gland produces calcitonin to inhibit renal Ca reabsorption and therefore increases Ca excretion via the urine (Frandson and Spurgeon 1992) . High Ca concentrations, or a wide dietary Ca-to-NPP ratio, antagonizes digestibility and absorption of inorganic soluble forms of P due to increased precipitation of insoluble Ca-P complexes (Hurwitz and Bar 1971; Wise 1983 ). In our study, dietary treatments that maintained a narrow Ca-to-NPP ratio were probably less likely to develop insoluble phytate complexes in the gut, which increase the amount of Ca and P available for absorption.
In conclusion, results of these experiments indicate that imbalanced Ca-to-NPP ratios negatively affected growth performance of broilers and resulted in lower utilization of NPP with high dietary Ca concentrations. While maintaining a 2:1 Ca-to-NPP ratio appears beneficial in broilers during the starter period, the individual dietary concentrations of Ca and NPP in broiler diets are also important.
